ATP has been shown to evoke a sensation of pain on human blister bases, and the molecular basis of this effect has been addressed by studies of sensory neurones in culture. [1] [2] [3] Electrophysiological analysis has shown that up to 100% of dorsal root ganglian (DRG) or nodose ganglion sensory neurones respond to ATP with elevated intracellular free calcium concentrations, or depolarizing responses.
Introduction
ATP has been shown to evoke a sensation of pain on human blister bases, and the molecular basis of this effect has been addressed by studies of sensory neurones in culture. [1] [2] [3] Electrophysiological analysis has shown that up to 100% of dorsal root ganglian (DRG) or nodose ganglion sensory neurones respond to ATP with elevated intracellular free calcium concentrations, or depolarizing responses. 4, 5 These effects are probably mediated by a class of P2X ligand-gated ion channels that have been shown to be expressed by DRG neurones. Such P2X receptors comprise a family of glycosylated proteins of apparent mol. wt ~60 kDa, which have intracellular N-and C-terminal domains, two membrane-spanning hydrophobic domains, the second of which lines the channel pore, and a large extracellular domain. 6 The channels are 35-50% identical at the amino acid level and are permeant to both monovalent and divalent cations. At present, seven different P2X receptors have been cloned and expressed either in Xenopus oocytes or in transfected HEK293 cells, and their distribution analysed by in situ hybridization. 7 P2X 1-6 subtypes have been found to be expressed in sensory neurones of dorsal root, nodose and trigeminal ganglia. 8 However, only one subtype, P2X 3 is expressed selectively in small diameter sensory neurones that generally subserve a nociceptive function. 9 An electrophysiological analysis of properties of the expressed P2X 3 channel showed many similarities with rat sensory neurones in culture.
2 Twoelectrode voltage clamp experiments showed that the P2X 3 channel is probably multimeric, as judged by a Hill slope of 1.4 at low agonist concentrations.
Application of ATP resulted in an inward current and marked inward rectification, consistent with an inward cation flux. The apparent EC 50 for ATP was 1.2 M. The channel rapidly desensitized both in sensory neurones and in Xenopus oocytes, and was activated by ATP analogues in oocytes with the same rank order of potency as that described for sensory neurones in culture. 2, 9 Desensitization of calcium-permeant ligand-gated ion channels such as P2X 3 probably plays an important role in minimizing calcium-mediated damage that may lead to cell death. Recently, the calmodulin dependent phosphatase calcineurin has been shown to play a role in the desensitization of cation channels gated by 5-HT, NMDA and capsaicin. [10] [11] [12] We investigated the possible role of calcineurin in the desensitization of P2X 3 expressed in Xenopus oocytes and present evidence that calcineurin does play a role in this event.
Materials and Methods
Oocytes were removed from adult Xenopus laevis. After collagenase treatment, stage IV or V oocytes were selected for P2X 3 cRNA injection. cRNA (20-70 ng) was injected into oocytes 2-7 days before recording. Membrane currents were recorded by twin-electrode voltage clamp. Oocytes were impaled with electrodes containing 3 M KCl and held at -60 mV to -90 mV in either Ringer solution or modified Ringer containing 1.8 mM MgCl 2 or BaCl 2 instead of CaCl 2 . The calcineurin auto-inhibitory peptide (CaN A457-481, 1 mM 13 was injected intracellularly (50 psi, for 2 s) via a third microelectrode connected to a picospritzer (WPI-PV830).
THE sensory neurone-specific ATP-gated cation channel P2X 3 , when expressed in Xenopus oocytes, desensitizes rapidly. Complete removal of extracellular calcium abolishes desensitization. Pretreatment of oocytes with cyclosporin also abolishes P2X 3 desensitization. When the calcineurin auto-inhibitory peptide (CaN A457-481) was injected into oocytes, the rate of desensitization of P2X 3 decreased on consecutive applications of ATP, suggesting a role for calcineurin in the regulation of desensitization. Truncated P2X 3 clones initiating at Met-75 lack the N-terminal intracellular region, but express functional channels in oocytes that do not desensitize. Taken together, these data suggest that P2X 3 desensitizes through a calcium-dependent calcineurin-mediated
To generate a truncated P2X 3 clone, the P2X 3 -encoding plasmid was digested to a position +27 downstream of the inhibitor methionine using the Erase-a-Base system (Promega). The plasmid was cut with XhoI and subcloned into a pSP64T derivative (pSP64T.clone) between SmaI and SalI sites. The full length P2X 3 clone was subcloned into the same vector. 8 The resulting plasmids were used to generate [
35 S]methionine-labelled protein by a coupled in vitro transcription/translation system (Promega-TNT).
The translated products was analysed by 10% SDS-PAGE (Laemmli) in the presence of reducing B. King et al agents, autoradiographed with Kodak X-omat film, and relative molecular masses determined with reference to Rainbow molecular mass markers (Amersham). Both full length and truncated P2X 3 plasmids were linearized with PstI, and transcribed with SP6 polymerase to make cRNA for oocyte injections.
Results
Ion substitution experiments were used to address the role of extracellular calcium in P2X 3 desensitization. Using calcium-free bath solutions containing 1 mM EGTA, P2X 3 desensitization was measured by twin electrode voltage clamp (V h = -60 mV) from oocytes injected with 40 nl of P2X 3 complementary RNA (1 g ml -1 ). The inward current evoked by bath application of a supramaximal dose of ATP (300 M for 60 s) did not desensitize under these conditions (Fig. 1A) . In oocytes perfused with normal Ringer solution, the addition of cyclosporin (1 g ml -1 and 10 g ml -1 ) to the bath solution decreased the rate of P2X 3 desensitization and a maintained inward current was seen during ATP application (30 M for 30 s; Fig. 1B) . Moreover, the effect of cyclosporin was irreversible with prolonged (90 min) washout. To confirm a possible role for calcineurin in mediating the effect of cyclosporin, a calcineurin inhibitory peptide (CaN A457-481) was injected into normal oocytes and this resulted in a slowing in the rate of receptor desensitization on repeated application of ATP (1 M; Fig. 1C ). Control injections of water did not alter the desensitization of the response (i), but repeated applications of ATP at 20 min intervals showed a progressive slowing of desensitization (ii), leading to long-lasting inward currents after 3 h (iii) in the presence of the inhibitory peptide. The slow development of inhibition of desensitization may reflect problems of accessibility of the peptide pseudosubstrate for calcineurin, as the inhibitor may only bind the active form of the enzyme.
A truncated P2X 3 was introduced to investigate the role of the N-terminal intracellular region in P2X 3 responses and their desensitization. This clone was designed as a 27-base deletion from the initiator methionine. In the oocytes expressing the truncated P2X 3 purionceptors, inward currents were evoked by ATP, 2-MeSATP, ␣,␤-meATP, and UTP (Fig. 2B) . However, desensitization was abolished during ATP application (up to 300 s; Fig. 2A ). Thus the truncated clone was functional and exhibited normal pharmacology, but defective desensitization. Using a coupled in vitro transcription/translation system (Promega-TNT system), a major polypeptide of M r 36 kDa and a minor polypeptide of M r 41 kDa was generated by the truncated clone (Fig. 2C) . It is likely that the smaller protein (36 kDa) is initiating at Met-75, whilst the larger protein (41 kDa) probably corresponds to an initiating Leu-32. Both of these proteins lack the N-terminal intracellular domain of P2X 3 . 
Discussion
The results of calcium depletion and calcineurin inhibition experiments, using either cyclosporin or calcineurin inhibitory peptide, provide evidence that the desensitization of P2X 3 may be regulated by calcineurin-mediated dephosphorylation. Moreover, the desensitization-deficient truncated P2X 3 clone suggests that dephosphorylation of residues in the Nterminal intracellular domain may play a role in such desensitization. It is also possible that the N-terminal region may play a role in the association of the receptor with a calcineurin-containing protein complex that is essential for desensitization to occur. The truncated P2X 3 purinoceptor may work as a functional channel with two membrane spanning domains by the use of a CTG initiation site at Leu-32. It seems unlikely that initiation at Met-75 which would result in only one transmembrane domain would produce a functional channel. The regulation of P2X 3 dephosphorylation may be achieved by an AKAP-79-like (A-Kinase anchoring protein) signalling complex which had been proposed to regulate receptor/channels in postsynaptic signal transduction.
14 Protein kinase A, protein kinase C and calcineurin have been shown to be present in such complexes. 15 The presence of six distinct subunits and the possible existence of heteromultimeric P2X receptors in sensory neurones makes an unambiguous interpretation of desensitization mechanisms more difficult to address experimentally in these cells, but analogous studies of capsaicin, NMDA and 5HT-gated channels, 16 suggests that calcineurin-mediated desensitization plays a general role in the desensitization of ligand-gated ion channels, including the structurally distinct ATP-gated channels exemplified by P2X 3 .
